Key Words: cardiac surgery; cardiopulmonary bypass; lung injury; mechanical ventilation; positive end-expiratory pressure Acute lung injury is a common complication of cardiopulmonary bypass (CPB) despite improvements in CPB circuit materials.
strategies might interfere with post-cardiac surgery function. However, for anesthesiologists, ventilation strategies are easily manageable during cardiac surgery.
Apnea during CPB provides an optimal surgical view but can cause postoperative atelectasis and pulmonary ischemiareperfusion injury. 5, 6 However, in thoracic surgical patients, a continuous positive airway pressure (CPAP) of 5 to 10 cmH 2 O is recommended for reducing iatrogenic atelectasis. 7 One previous study reported that using only positive end-expiratory pressure (PEEP) improved short-term oxygenation; however, no relevant clinical improvements in cardiac surgery patients were reported. 8 Small-scale trials have produced evidence that a higher fraction of inspired oxygen (F i O 2 ) is deleterious to lung function because it promotes the growth of reactive oxygen species and increases the risk of alveolar collapse. 9 Continuous ventilation with a low tidal volume during CPB appears to reduce extravascular lung water and certain proinflammatory and anti-inflammatory mediator levels. [10] [11] [12] [13] [14] [15] Whether ventilation during CPB improves a patient's clinical outcomes and oxygenation status remains unclear.
The authors conducted a systematic review and metaanalysis of randomized controlled trials (RCTs) to evaluate whether various ventilation strategies used during CPB improve clinical outcomes. The authors hypothesized that compared with apnea, ventilation or CPAP used during CPB is associated with improved oxygenation and shorter mechanical ventilation dependence and hospital stay after surgery. This article provides the latest information on ventilator settings during CPB in elective adult cardiac surgery patients.
Materials and Methods

Bibliographic Search and Analysis
The effects of various ventilation strategies on acute lung injury after cardiac surgery with CPB were evaluated for this systematic review. The authors compared the improvement in pulmonary function and clinical outcomes of adult cardiac patients under the conditions of apnea without CPAP (control), apnea with CPAP, and continued ventilation with or without PEEP. A systematic literature search without language restrictions was performed in the electronic databases Medline, Embase, PubMed, and the Cochrane Central Register of Controlled Trials for human studies up to and including July 2016. The searches used the term "cardiopulmonary bypass" combined with "ventilation," "mechanical ventilation," "continuous positive airway pressure," or "positive end-expiratory pressure" and "systemic lung injury," "lung injury," "systemic inflammatory response," or "systemic immune response." The present systematic review was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines 16 (Supplementary Table 1) . Moreover, the bibliographies of retrieved articles and reviews were screened for relevant studies. Authors were contacted through e-mail in cases of queries or missing information regarding their published articles. Only published full reports of randomized trials conducted to test the differences among control (apnea without CPAP), apnea with CPAP, and continued ventilation with or without PEEP groups were included. The inclusion criteria with respect to patients, intervention, comparators, outcomes, and study design were as follows: 1. Population: adult patients (older than 18 year-old) undergoing cardiac surgery (studies involving neonatal and pediatric patients were excluded). 2. Intervention: patients who underwent cardiac surgery with CPB and ventilation or CPAP (intervention was restricted to the perioperative period and was executed in an operating room; off-pump procedures were excluded). 3. Comparators: pairwise comparisons were performed among control (apnea without CPAP), apnea with CPAP, and continued ventilator with or without PEEP groups during CPB. 4. Outcomes: relevant trials had to report pulmonary function or clinical outcomes. 5. Study design: patients were allocated randomly to various treatments.
The time interval between bypass weaning or the completion of surgery and the time that outcomes were observed had to be specified. Pulmonary function outcomes included 1 of the following parameters: alveolar-arterial oxygen difference (AaDO 2 ), hypoxemia score (arterial partial pressure of oxygen/ F i O 2 ), 17 and oxygenation (arterial partial pressure of oxygen). Clinical outcomes included ventilator-dependent time, length of stay in intensive care unit, and length of hospital stay. Trials that met all of these predefined criteria and reported at least 1 pulmonary or clinical outcome were included. RCTs published only as an abstract or letter were excluded. The cases of pediatric patients were not examined because their surgical procedures, CPB settings, and end-organ function are different from those of adult patients.
The articles identified during the literature search were screened first by examining their titles and abstracts. The screening process was conducted independently by 2 authors (Y.C.W. and C.H.H.). Reports that did not meet all criteria were excluded from further analysis at this stage. Disagreements were resolved through discussion and consensus. Full texts of the remaining eligible reports were retrieved for further evaluation.
Statistical Analysis
Weighted mean difference (WMD) as the effect size for meta-analysis was used. heterogeneity. Small-study bias was examined using the funnel plot and Egger's test. Meta-regression was used to explore the effects of baseline covariates on the meta-analysis results and identify the potential causes of heterogeneity. All statistical analyses were performed using the statistical software package Stata, Version 13 (StataCorp, College Station, TX).
Results
The primary literature research yielded 169 publications, and the flowchart of the screening process is presented in Fig 1. Initially, 88 articles were excluded, and after the remaining titles were screened, another 38 articles were excluded for various reasons, including studies on non-RCTs, pediatric patients, animals, and off-pump bypass surgery; conference abstracts; case reports; letters; and irrelevant studies. Of the 43 remaining articles, 2 were review articles, 1 was about pediatric patients, and 3 were not RCTs. Four articles were excluded because the same patients were analyzed for different biochemical markers in different publications. Fifteen articles were excluded because ventilation management was not limited during CPB. Two studies did not report clinical outcomes or pulmonary function data. One article was excluded because of the author's past misconduct and questionable credibility. 18, 19 Ultimately, 15 articles published between 1993 and 2016 involving 748 patients were selected for this systematic review. 10, 11, 13, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] All these studies compared ventilation with or without PEEP, apnea with CPAP, and apnea without CPAP (control) as their primary research purpose.
The main characteristics of the trials selected for systematic review and retained for meta-analysis are summarized in Table 1 . Risks of bias assessment and conflicts of interest in these studies are displayed in Table 2 . All trials included elective cardiac surgery patients, and no in-hospital mortality was reported. Based on the mortality predicted using Euro-SCORE for low-and intermediate-risk patients, the authors assumed that the patients in the analysis were at low or intermediate risk for cardiac surgery. Nine trials compared positive pressure ventilation with no ventilation during CPB, and 1 used a slow respiratory rate (once every 5 min) for comparison, for which the tidal volume ranged from 2 to 5 mL/kg for the continuous ventilation group. One study did not report tidal volume. The intermittent ventilation group used 10 mL/kg every 5 minutes during CPB for intervention. Only 3 studies reported FiO 2 during ventilation with measurements of 100%, 50%, and 21%. Two studies did not report their PEEP use, 3 used 5 or 10 cmH 2 O PEEP, and 4 did not use PEEP during ventilation. Seven trials used a respiratory rate ranging from 5 to 10 breaths per minute, and 1 used highfrequency ventilation during CPB. Y. Eight trials compared CPAP and apnea during CPB. CPAP ranged from 5 to 15 cmH 2 O. Two studies did not report their inspiratory oxygen concentration. Others used either 100% (4 groups) or 21% oxygen (4 groups). One study used 25% oxygen.
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Post-CPB Diffusion Capacity
The alveolar-arterial oxygen gradient (A-a gradient) before and within 4 hours after CPB was selected as the end point for diffusion capacity. The average pre-CPB A-a gradients were 18.8, 27.7, and 24.8 kPa for ventilation with or without PEEP, apnea with CPAP, and control, respectively, and the average post-CPB A-a gradients were 22.4, 34.2, and 34.9 kPa, respectively. CPAP use during CPB was associated with an improved A-a gradient difference compared with no CPAP use during CPB (WMD ¼ 4.11 kPa; 95% confidence interval [CI] ¼ 0.85-7.37; p for heterogeneity ¼ 0.208; I 2 ¼ 28.8% (Fig 2, A) . After adjustment for age and CPB duration, the results remained unchanged. Ventilation during CPB entailed no significant differences in outcomes regarding diffusion capacity compared with the apnea group (WMD ¼ 2.59 kPa; 95% CI ¼ -2.49 to 7.67; p for heterogeneity ¼ 0.001; I 2 ¼ 81.3%; Fig 2, B) . After adjustment for age, PEEP, and CPB duration, no difference in diffusion capacity was observed between the ventilation and apnea groups.
Primary Outcomes
Post-CPB pulmonary oxygenation
The hypoxemia score (arterial partial pressure of oxygen/ F i O 2 ) was used as an indicator for oxygenation and gas exchange function. As depicted in Fig 3, (Fig 3, B) . One study used a respiratory rate of 100 breaths per minute during CPB, and 3 used respiratory rates ranging from 5 to 12 breaths per minute. These 3 studies were analyzed for physiologic respiratory rate, and the results showed no significant differences in outcomes compared with the apnea group (WMD ¼ 30.94; 95% CI ¼ -20.76 to 82.63; p for heterogeneity ¼ 0.077; I 2 ¼ 61%) (Fig 3, C) . After adjustment for age, PEEP, and CPB duration, the result remained unchanged.
Secondary Outcomes Other pulmonary complications
Postoperative pulmonary complications such as respiratory failure, respiratory infection, pleural effusion, atelectasis, aspiration pneumonitis, bronchospasm, pneumothorax, phrenic nerve paralysis, and diaphragm dysfunction were reported in 5 studies through chest radiographs. [21] [22] [23] 28, 32 In studies comparing ventilation and apnea during CPB, no differences in post-CPB pulmonary complications were reported. Two studies reported no postoperative complications in either group. 23, 28 One trial investigating CPAP and apnea during CPB reported increased atelectasis, pulmonary edema, and pneumonia in the apnea group. 32 
Duration of mechanical ventilation and hospital stay
In cardiac surgery patients with CPB, applying CPAP or ventilation during CPB was associated with no statistically significant decreases in mechanical ventilator duration or hospital stay compared with the apnea group during CPB (Figs 4 and 5) . 
Heterogeneity
To explore the source of heterogeneity, subgroup analysis was performed on apnea with PEEP groups through oxygen fraction, and the ventilation group was subdivided based on the PEEP level. In the apnea with PEEP subgroups, heterogeneity was high in the Figs 1 and 2) .
Study bias analyses
The risk of bias in all eligible studies was assessed in accordance with Cochrane standards, and studies with a high risk of bias were excluded. The remaining studies were assessed based on the following aspects: randomized sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases. Furthermore, the studies were assessed as low risk, high risk, or unclear risk level. 33 In addition, Egger's test yielded no evidence of small-study bias (Supplementary Figs 3-6) . Moreover, funnel plots for the main outcomes suggested no significant publication bias (Supplementary Figs 7-10 ).
Discussion
Through this systematic review and meta-analysis, the authors determined that CPAP during CPB improved oxygenation and gas exchange compared with apnea, but ventilation during CPB did not. In low-or intermediate-risk patients for elective cardiac surgery, neither CPAP nor ventilation during CPB shortened the mechanical ventilation duration or hospital stay. These findings are inconclusive because of heterogeneity and small sample sizes. In addition, the role of F i O 2 has not received adequate attention or investigation.
CPB-related pulmonary injury is a complex problem, 4 and although a ventilation strategy is not the only solution to this problem, it is a relatively simple procedure to implement during surgery. Schreiber et al performed a meta-analysis on mechanical ventilation strategies during CPB and concluded that CPAP and vital capacity maneuvers yielded short-term beneficial outcomes. 8 The reviewed studies were in agreement with this finding; the effects of ventilation during CPB were investigated but no meta-analysis was performed because few identified studies were available and substantial heterogeneity was evident in the study designs. 8 The authors of the present study addressed the effects of ventilation during CPB on pulmonary and clinical outcomes and determined that ventilation during CPB did not improve oxygenation or clinical outcomes.
In the present study, low tidal volume ventilation did not improve diffusion capacity or oxygenation as effectively as did CPAP. During CPB, pulmonary perfusion is limited, and thus oxygenation mainly is determined using Fick's law of diffusion, 34 which states that flow is proportional to surface area, diffusibility, and partial pressure gradient but inversely proportional to membrane thickness. Alveolar septum thickness is greater without CPAP; therefore, using CPAP may eliminate the oxygen transfer obstacle. 35 Low tidal volume ventilation might not lead to alveolar recruitment because of low pressure, and alveolar collapse still may occur. 36, 37 In patients who underwent general surgery, low tidal volume ventilation alone did not reduce the incidence of postoperative atelectasis or acute lung injury. 38 The same problems might apply to cardiac surgery patients in the low tidal volume ventilation group. In the subgroup analysis, for which low tidal volume ventilation was used alone without PEEP or for which PEEP use was not recorded, greater heterogeneity was observed, possibly because the extent of atelectasis differed. Higher oxygenation tends to cause atelectasis, and in the apnea with CPAP group, heterogeneity was derived mostly from CPAP with 100% oxygen. Although there was insufficient evidence to make a firm conclusion, further investigation is required to confirm the roles of oxygen and PEEP during CPB.
Although postoperative gas exchange and oxygenation appeared to have improved in the CPAP group in the acute stage, the present study did not reveal that these ventilation strategies were associated with fewer pulmonary complications or a shorter mechanical ventilation duration and hospital stay. However, all analyzed studies recruited elective cardiac patients of low or intermediate risk. No mortality was observed in the included trials. In addition, most studies did not report on preoperative pulmonary function. In general surgery, protective lung ventilation is associated with a reduction in the incidence of postoperative lung infection and atelectasis and a shortened hospital stay, all of which indicate the critical role of ventilation. 38 Thus, further investigation is required to clarify whether ventilation strategies improve clinical outcomes in high-risk patients with inadequate preoperative pulmonary function.
Ventilation with PEEP or apnea with CPAP protects the lungs from atelectasis. Although PEEP or CPAP may facilitate short-term oxygenation, the inflated lung may interfere with cardiac surgery, particularly if the surgeon must harvest the left internal mammary artery for coronary artery bypass grafting. Surgical complications and long-term patency were not investigated in the examined studies, and thus surgical impact combined with pulmonary function may need to be considered to provide a more complete overview of ventilation strategies during CPB.
The present systematic review and meta-analysis had several limitations. First, the trials were heterogeneous and most had small sample sizes. Therefore, generalizing the findings was difficult. Furthermore, not all studies reported the inspiratory oxygen concentration, PEEP level, and pulmonary perfusion during CPB management. AaDO 2 is highly influenced by F i O 2 , and thus without sufficient information, AaDO 2 differences cannot be linked to differences in lung diffusion capacity. Although meta-regression for adjustment was performed, excluding the influence of unreported factors was difficult. In addition, postoperative complications, ventilator-dependent time, and hospital stay largely were influenced by policies and logistics, original patient status, surgical intervention, and CPB management. The examined studies covered a 23-year period that included several changes in surgical procedures, weaning strategies, and postoperative strategies and substantial improvements in ventilators. These factors may have influenced the outcomes, and the influences of these factors may be more central than the role of the ventilation strategy during CPB. In addition, lung recruitment and secretion aspiration shortly after CPB were commonly used strategies to improve respiratory function; however, their importance was difficult to evaluate in the examined trials because of a lack of detailed data. Nevertheless, the present study suggests that ventilation plays a role in postoperative lung dysfunction in cardiac surgery. Another limitation is that the number of studies and the number of patients included in these studies are relatively small. Consequently, some of the comparisons might be statistically significant if more patients and studies were included. Because the number of patients recruited by each study was different, it is hard to estimate how many studies are required for a meta-analysis to reach a significant result and how many studies eventually could be identified and included.
Conclusions
CPAP, but not ventilation, during CPB was associated with improved gas exchange and tended to improve post-CPB oxygenation. In patients of low or intermediate cardiac risk, no evidence of decreased pulmonary complications or shortened mechanical ventilation duration and hospital stay because of CPAP or ventilation during CPB was obtained. The role of F i O 2 has not received sufficient attention, and further investigation is necessary to determine whether various ventilation strategies increase the likelihood of cardiac surgery recovery in high-risk patients.
